Two generations of carbonate cement as Type I (microcrystalline calcite and dolomite) and Type II (mainly Fe-calcite and Fedolomite) are recognized in Chang 8 sandstones, Ordos basin. Carbonate cement in Chang 8 sandstones is closely related to the dissolved carbon from thermal maturation of organic matters. Carbonate cement in the loosely packed framework grains precipitated shortly after deposition, and late-stage ferroan calcite and ferroan dolomite formed with progressive burial. The early diagenetic carbonate cement is partially to completely replaced by late-stage ferroan calcite and ferroan dolomite. Carbonate cement is much more commonly observed in sand bodies adjacent to Chang 7 source rocks. With increasing distance from the Chang 7 oil layers, the carbonate cement content gradually decreases. However, some tight carbonate cemented zones also occur at the sandstone-mudstone interfaces. Dissolution of Ca-feldspars by organic acids-rich fluids, together with clay mineral transformations such as illitization of smectite, would provide Ca 2+ and Mg 2+ ions for carbonate cementation. Organic acids and CO 2 rich fluids would charge into the reservoirs with the hydrocarbons, and when the CO 2 and acids were buffered by the framework grain dissolution, carbonate cement would precipitate with a decrease in CO 2 concentration.
Introduction
The Ordos basin is the second largest petroliferous sedimentary basin in China [1, 2] . The basin was part of the North China Craton prior to the Paleozoic, and it became an isolated lake basin during the Middle and Late Triassic [3] . A series of lacustrine and deltaic clastic sediments, which were known as the Yanchang Formation, were deposited during this time [3] . The Upper Triassic Yanchang Formation, which is underlain by the Middle Zhifang Formation and overlain by the Lower Jurassic Yanan Formation (Figure 1 ; [4] ), is a significant oil-producing bed in the Ordos basin [3, 5] . The Chang 8 (eighth member of Yanchang Formation) sandstones, which consist of braided-delta subaqueous distributary channels, are important reservoir units [4] . However, the Chang 8 sandstones, which had experienced various types and degrees of diagenesis such as compaction and cementation by carbonates and clays, are typical tight reservoirs with low porosity, low permeability, and strong microscopic heterogeneity (Zeng and Li 2009; [4, 6, 7] ).
Understanding diagenetic heterogeneity is vital for hydrocarbon exploration in tight sandstone reservoirs [8] . Carbonate cementation is an important diagenetic alteration that has profound impact on sandstone reservoir quality and heterogeneity [9] [10] [11] [12] . Precipitation of carbonate cement is an important agent of lithification [11] , and it often contributes to the poor reservoir property. When the carbonate cement fills the pore space completely, the reservoir quality will become so poor that they may act as baffles or seepage barriers to fluid flow [13, 14] . The carbonate cementation in sedimentary rocks may be spatially discontinuous, producing conspicuous structures called concretions [11] .
Carbonate cement is the predominant diagenetic minerals in Chang 8 sandstones [6] . Mineralogical, petrographic, and geochemical analyses combined with ECS log data were used to describe the petrography and geochemistry of the carbonate cement and associated features in Chang 8 sandstones, with the special aim to unravel the origins, paragenesis, and distribution patterns of carbonate cement. This multidisciplinary work would provide insights into distribution patterns of carbonate cement within a siliciclastic succession and will have scientific significance in similar sandstone successions worldwide.
Geologic Setting
The Ordos basin is located in the western part of the North China block [1, 3, 15] and across five provinces: Shaanxi, Gansu, Ningxia, Inner Mongolia, and Shanxi ( Figure 1(a) ; [16] ). A series of Cenozoic rift basins separate the Ordos basin from adjoining mountains [17] . The Ordos basin can be divided into six structural units: the Yimeng uplift zone in the north, the Weibei uplift zone in the south, the Jinxi flexural fold zone in the east, the Yishan slope in the midsection, the Xiyuan obduction zone, and the Tianhuan depression in the west ( Figure 1(a) ; [16, [18] [19] [20] [21] [22] [23] ). The study area of this paper is located in the west Ordos basin (mainly the Yishan Slope and Tianhuan Depression), and abundant hydrocarbons are produced from the oil fields located in this area, including the Jiyuan, Heshui, Wu 464, Zhengning, and Huachi oil fields ( Figure 1 ). Burial history reconstructions were based on the work of Shi et al., 2012 (Figure 2 ), and from Figure 2 it can be concluded that the Yanchang Formation had its maximum burial depth at about 100 Ma, then followed by an uplift and erosion of 400-500 m of sedimentary strata. The Ordos basin is a gently dipping, very stable intracratonic basin [32] . The surrounding Yinshan and Qinling Mountains were thought to be the primary provenances for the Upper Triassic fluvial-deltaic sequences [17] . From the aspect of exploration and exploitation purposes, the Yanchang Formation could be subdivided into 10 informal oil reservoir units named Chang 10 to Chang 1 from the bottom to the top based on marker beds, lithological association, and sedimentary cycles, and these oil reservoir units are in conformity contact with each other [4, 17, 19, 33, 34] . Among them, the Chang 7 oil layers were deposited in a deep lacustrine environment [5, 35, 36] , and the Chang 7 oil layers are good to very good source rocks [2, 37] . Sections from Chang 10 to Chang 8 represent a transgression sequence deposited at shallow water level, whereas those from Chang 6 to Chang 2 are regression sequences deposited at lake fading stage [5] , and Chang 1 oil layer was deposited during the peneplain period [17] . The lithology of Chang 8 sandstones is mainly composed of grey fine to medium-grained sandstones and siltstones interbedded with dark mudstones [6] . Parallel bedding and wedge-shaped cross bedding can be observed in the fineto medium-grained sandstones, and these clean sandstones are formed in a relatively high water energy environment, for example, the underwater distributary channel and mouth bar of a delta front [27, 28, 38] . The siltstones with parallel bedding are mainly deposited in the distal bar microfacies. In contrast, the horizontal bedding can be observed in the dark mudstones, representing a low water energy environment [6] .
Samples and Methods
Core samples and related thin sections were collected from more than 120 wells in the oilfield in the west Ordos basin. Standard modern wire-line logs comprise gamma-ray (GR), spontaneous potential (SP), bulk density (DEN), compensated neutron (CNL), borehole-compensated sonic (AC), and resistivity logs (RT and Rxo). The core-to-log depth matching is done by correlating the GR signature with the core description. ECS logging data is available in some wells such as An 157, Cheng 96, Yue 37, Hao 22, Zheng 53, Ban 28, and Xi 236.
The geochemical ECS logging tool uses a standard americium beryllium (AmBe) neutron source and bismuth germinate (BGO) detector to measure the released gamma rays [39] . By processing the measured -ray energy spectra using an oxide closure method, the ECS can provide information on the mineralogy including the mass fractions of certain components of carbonates, total clay, Q-F-M (quartz, feldspar, and mica), siderite, and pyrite, as well as anhydrite, salt, and coal [39, 40] . Compared with the standard set of logging data, the high vertical resolution (1.5 ft), open-hole ECS well logs can provide insight into predicting the distribution of carbonates in wells that lack core control.
Core samples and some cutting samples representative of noncored intervals were collected. Diagenesis and petrophysical properties were interpreted from petrographic data and core analyses. A total of 1735 samples analyses of Heporosity and air permeability were obtained. However, there are only 242 samples with their lithology known, and these 242 samples have also measured the carbonate content.
Cathode Luminescence (CL) analyses were performed on polished thin sections to characterize different cement generations using a Technosyn cold cathode luminoscope.
Representative thin sections examined with a petrographic microscope were point counted (300 points per sample) to calculate the relative amounts of detrital framework grains, matrix, authigenic cement, interstitial minerals, and porosity. To examine the volume and distribution of porosity, the thin sections were impregnated with red-dye resin. To distinguish the mineralogy of carbonate cement, they were stained with Alizarin Red S and potassium ferricyanide for identification of ferroan dolomites, ferroan calcites, and nonferroan calcites in thin sections.
Results

Reservoir Characteristics.
The Chang 8 sandstones are classified as lithic arkose, feldspathic litharenites, and litharenites according to Folk (1980) [6] . Detrital mineralogy is dominated by quartz (mostly monocrystalline), and the dominant feldspars are Ca-feldspars and Na-feldspars. The main types of rock fragments consist mainly of metamorphic rock fragments and volcanic rock fragments (Lai et al., 2014a; [6] ). On average the sandstones are fine-to medium-grained, typically nonequant, and moderately to well sorted. The grain shape is subrounded to subangular, and the types of grain contacts are dominated by planar type (Figures 3(a) and 3(b) ). However, some samples show concavo-convex grain contacts due to its abundance in soft rock fragments ( Figure 3 (c); [6] ). Thin section analyses (presence of red epoxy) indicate that pore systems in Chang 8 oil layers are of primary and secondary origins. In addition to the remaining primary intergranular porosity (Figures 3(d) , 3(e), and 3(f)), variable amounts of secondary intragranular porosity due to partial to pervasive dissolution of detrital framework grains (feldspars and rock fragments) occur in many samples (Figures 3(e) and 3(f)) [6, 41] . The lithology has a primary control on the reservoir property of the Chang 8 sandstones. Figure 4 shows the cross-plot of permeability and porosity for various lithology within the Chang 8 reservoirs. It can be concluded that the medium-grained sandstone samples have the highest average porosity and permeability, whereas the reservoir quality of the siltstones and the mudstones are poor. In contrast, the fine-grained sandstones show a wide range of porosity and permeability due to various diagenetic modifications such as carbonate cementations. Some mediumgrained sandstones also show very poor reservoir property, which are suggested to have experienced extensive carbonate cementation (Figure 4 ). 
Carbonate Cement.
Carbonate skeletal grains are rare in Chang 8 sandstones. Carbonate cementation has a profound impact on reservoir heterogeneity and quality, which often contributes to the poorest reservoir quality ( Figure 5 ). Under microscopic observations, the total carbonate cement content in Chang 8 sandstones ranges from trace levels (<1%) to 24.0% with an average of 5.1%, and there is a trend that the thin section porosity would decrease rapidly with the increasing carbonate cement content ( Figure 5 ). When the carbonate cement content is greater than 5.0%, the thin section porosity became very low (<3.0%) ( Figure 5 ), and the thin section porosity is less than 1.0% when the carbonate cement content is greater than 15.0%; therefore it can be concluded that the carbonate cementation is one of the major causes contributing to the poor reservoir property in Chang 8 sandstones. Additionally, in Figure 5 , there are also some samples with low content of carbonate cement but have low thin section porosity, and these samples are suggested to be those tightly compacted ( Figure 5 ), which can be evidenced by the deformation of micas as well as the planar grain contacts (Figures 3(b) and 3(c) ). According to conventional plug samples analysis, the carbonate content has also a negative impact of the core-measured porosity ( Figure 6 ). Figure 6 exhibits core-measured porosity plotted against carbonate cement content for various lithologies within Chang 8 sandstones. Generally, the siltstones have the lowest porosity due to the extensive carbonate cement, while the carbonate cement content in fine-grained sandstones are relatively less than that in the medium-grained sandstones. Samples abundant in carbonate cement have very low porosity, which is consistent with the observations in Figure 4 . The mudstones have the lowest carbonate cement content; however, the porosity in mudstones is very low due to the extensive diagenetic modifications such as compaction ( Figure 6 ).
Carbonate cement is commonly observed to have replaced other detrital components, such as feldspar and rock fragment grains (Figures 7(a) and 7(b) ; [41] ). It appears that the carbonate cement as well as compaction has collectively controlled the reservoir quality evolution of sandstones [10] . Among the carbonate cement, calcite and Fe-calcite are the major cement types in Chang 8 sandstones, ranging in volume abundance from trace amounts (<1%) to 24.0% of the rock, with an average of 3.73%, while dolomites and Fe-dolomites are relatively less commonly observed (ranges: trace to 14.0%, averaged as 1.37%). According to the thin section petrography, there exist three types of carbonate Thin section petrography and CL analysis confirm that two generations of carbonate cement are recognized and hereafter are referred to as Type I (mainly pore-filling and grain-replacing calcite and minor dolomite) and Type II (mainly grain-replacing Fe-calcite, Fe-dolomite and minor amount of calcite, and the carbonate cement precipitating in intergranular pores). Type I tends to fill the relatively large pores or replace the framework grains (Figures 7(c) and 7(d) ) [6] . The eogenetic cement may have supported the framework grains and prevented extensive compaction [42] , resulting in the floating grain texture and high volume of high minuscement porosity [43] . The pore-filling cement is suggested to have precipitated before significant compaction and thus support eogenetic origin [44, 45] ; however, the carbonate cement replacing framework grains may also precipitate after significant compaction. They display bright orange-red and yellow luminescence patterns under cathodoluminescence analysis (Figures 7(e) and 7(f) ). Type II tends to occupy much smaller intergranular pores in tightly packed sandstones or, in some cases, partly and/or totally replaced the detrital grains (Figures 7(g) and 7 (h)). They commonly precipitate along the edge of the preexisting Type I carbonate cement, indicating precipitation after considerable compaction and thus a mesogenetic origin [44] . Petrography and CL analysis show that calcite is often replaced by ferroan calcite, indicating that the formation timing of the Fe-calcite is after that of calcite (Figures 7(e)-7(h) ). Isolated Fe-calcite also occurs in intragranular feldspar dissolution pores (Figure 7(g) ), which indicates that the reservoirs experienced dissolution before the precipitation of Fe-calcite [12] . Type II carbonates can be distinguished from Type I carbonate cement since they display weak dull red/orange colors and blotchy luminescence patterns due to the presence of Fe and Mn ions (Figures 7(i and 7(j)). Thin section analysis shows that no dissolution of carbonate cement is observed.
Discussions
Isotope Analysis and Origins of Carbonate Cement.
Determining the origin of carbonate cement can improve our ability to predict its distribution (Liu et al., 2015) . Bulk isotopic signature of carbonate cement would provide some additional clues to clarify their origin [43, 46] . According to the results published by Shi et al. [29] , Wang et al. [30] , Zhixue et al. [27] , and Tian et al. [28] , the 13 C values (PDB) are in the range from −8.51‰ to 1.00‰ with an average of −3.55‰, whereas the
18 O values (PDB) range from −22.9‰ to −10.58‰ and have an average of −19.62‰ (Figure 8 ).
The isotope analysis shows that the carbonate cement has relatively lighter oxygen and carbon isotopes. The negative 13 C values could be attributed to a variety of sources and/or processes, such as the derivation of carbon from thermal maturation of organic matter during burial [10, 47, 48] .
All the carbonate cement types have very negative 18 O values (Figure 8) . Depletion of 18 O in carbonates is attributed to (i) incursion of meteoric water; (ii) precipitation and recrystallization at higher temperatures; and (iii) microbial fractionation of oxygen isotopes [44] . Lighter oxygen isotopes and negative 13 C values in Chang 8 sandstones may suggest the role of freshwater influence on carbonates development. However, the Yanchang Formation had been continuously buried to larger than 2 km since its initial deposition (Figure 2) , and there are no unconformities developed in the Chang 8 sandstones; therefore the Chang 8 sandstones had never been exposed to surface and meteoric flushing. In contrast, reprecipitation and recrystallization during burial (increase in burial and temperature) would lead to a further negative shift in 18 O values [49] . The high 18 Odepleted signature, negative 13 C values, and high Fe and Mg contents suggest that the late replacive carbonate cement (Fe-calcite and Fe-dolomite) including Fe-dolomite and Fecalcite formed in burial conditions via the replacement of early diagenetic carbonate cement by the influence of deep formation water [45] . The positive 13 C values of some dolomite cement in Chang 8 sandstones are compatible with early marine carbonates but not the oxygen isotopes (Figure 8; [27] ).
Paragenetic Sequence of Carbonate Cement.
It is difficult to define precisely the timing of the cementation processes [45, 50] . Two diagenetic stages of carbonate cement are recognized according to petrographic and textural relationships and elemental and stable isotopic composition: the early diagenetic stage in shallow depth, represented by porefilling and grain-replacing calcite and dolomite, and the late mesogenetic deep burial diagenetic stage, represented by ferroan calcite and ferroan dolomite replacing framework grains and precipitating in intergranular pores. Eogenetic diagenetic alterations also include mechanical compaction and formation of kaolinite and grain-coating chlorites, while mesogenetic diagenesis is characterized by continued mechanical compaction, dissolution of framework grain by organic acids, and subsequent precipitation of quartz and clay minerals such as illite and mixed-layer illite/smectite ( Figure 9 ). Immediately after deposition, the mechanical compaction occurred, resulting in a significant reduction in the intergranular porosity [51] . Then grain-coating chlorites formed, and some kaolinites precipitated due to feldspar alteration. In mesodiagenesis, mechanical compaction continued to reduce the intergranular porosity. With progressive burial and increasing temperature, organic acids charged into the reservoirs, and feldspars were dissolved to form intragranular dissolution pores [4] . As the byproducts of feldspar dissolution, the quartz cement and clay minerals such as illite and mixed-layer illite/smectite precipitated ( Figure 9 ; [6] ).
The presence of carbonate cement in the loosely packed framework grains indicates that cementation commenced shortly after deposition [45] . The slightly negative 13 C values of the dolomite and calcite cement would indicate its precipitation in slightly reducing conditions with minor contribution of organic carbon derived from soil-derived CO 2 [45] . Indeed, soil CO 2 could also give the depleted 13 C values, and it depends on how much soil CO 2 was incorporated into the diagenetic fluids.
With progressive burial, the late-stage ferroan calcite and ferroan dolomite formed (Figures 7(e) and 7(f) ). Under CL analysis, the early diagenetic carbonate cement is commonly observed to be partially to completely replaced by ferroan calcite and ferroan dolomite (Figures 7(g) and 7(h) ). Alteration of eogenetic carbonate cement by fluids rich in Fe and/or Mg is regarded as a source of late precipitation of Type II carbonates during burial [45] . The Chang 8 sandstones had been buried deeper than 2000 m and were suggested to have Figure 9 : Paragenetic sequence of diagenesis in the Chang 8 sandstones in west Ordos basin. The boundary between eodiagenesis and mesodiagenesis is according to Morad et al. [31] .
experienced various types and degrees of diagenesis such as compaction, cementation, and dissolution during the long geological history. The isotopic composition may also be modified during burial diagenesis, such as thermal evolution of organic matters during progressive burial and increasing temperature [52] .
Distribution Patterns of Carbonate Cement.
As discussed above, no carbonate rock fragments are observed in thin sections; therefore the carbonates detected by ECS logs are mainly cement. According to the interpretation results of ECS data, there is a downward decrease in the abundance of carbonate cement in Chang 8 sandstones (Figures 10  and 11 ). The tight carbonate cemented zones with carbonate cement greater than 10% are relatively shallowly buried and more adjacent to the overlying Chang 7 source rocks. With increasing distance from the Chang 7 oil layer, the carbonate cement content gradually decreases (Figures 10  and 11 ). However, there are also some carbonate cementation zones further down, and these layers with high percentage of carbonate cement are mainly associated with the sandstonemudstone contacts (Figures 10 and 11 ), for example, the 2345-2350 m depth intervals in Figure 10 and 2528-2529 m depth intervals in Figure 11 . Areas that have high percentages of carbonate cemented sandstones often occur along the margins of the sandstone bodies, where sandstone pinches out into mudstone [9, 53] . Since sandstone reservoirs interbedded with mudstones are readily influenced by a variety of sources of fluids, the sandstone-mudstone interface is the area with strong water-rock interactions [11, 12] . Diagenetic mineral assemblages from ECS logging data show that carbonate cement has a highly zonal distribution, confined to thin beds or concretions in general, and the carbonate cement is much more commonly observed in sand bodies which are adjacent with the Chang 7 source rocks (Figures 10 and 11 ). Type I carbonates precipitated at eogenetic stage in the whole Chang 8 sandstones, resulting in the highly zonal distribution of carbonate cement, while the late-stage carbonate cement is mainly associated with the mudrocks of Chang 7 oil layer. Carbon isotope of CO 2 from volcanic rock is between −5 and +7‰; from carbonate decomposition is between −3.5 and +3.57‰; from carbonate cement of mudstones should be between −15 and −9‰; from the thermal evolution of organic matter should be −20‰ or so and even more negative [54, 55] . By isotope analysis (Figure 8 ), it can be concluded that the Fe-calcite should come from the carbonate cement source of mudrocks. Particularly the late-stage carbonate cement (Fe-calcite and Fe-dolomite) is mainly associated with release of acidic fluids from the mudrock intervals. Organic acid generations from mudrocks during late-stage burial would result in a reducing environment, which is favorable for the late-stage carbonate cementations [56] . Therefore these late carbonate (Fe-calcite and Fe-dolomite) cement types are related to thermal evolution of mudrocks and the availability of Ca 2+ , Mg 2+ , and Fe 2+ in the formation water (e.g., [57] ). The mudstones and oil shales of the Chang 7 oil layers are thought to be the best source rocks for Chang 8 sandstone reservoirs [35, 37] . The organic acids and CO 2 generated by thermal maturation of these source rocks would firstly charge into the sandstones adjacent to Chang 7 mudstones and shales, and these organic acids and CO 2 are mostly buffered by feldspar (especially Ca-feldspar grains) and rock fragments (the pH would be buffered by silicates) in sand bodies adjacent to the Chang 7 oil layers. Feldspar dissolution pores are commonly observed while the carbonates show no evidence of dissolution (Figures 3(d) , 3(e), and 3(f)). Besides the dissolution of Ca-feldspars, clay mineral transformations such as illitization of smectite are also accompanied by a release of Ca 2+ and Mg 2+ into solution [12, 53] . Carbonate cement (mainly Type II) would precipitate with enrichment of Ca 2+ and Mg 2+ ions and a decrease in CO 2 concentration under Fe-and Mn-reducing, suboxic to sulfate-reduction geochemical conditions [57] [58] [59] [60] . With increasing burial depth and temperature, the decomposition of organic acid decarboxylation would be enhanced, and more clay mineral transformation would occur [12] . The sand bodies which are more adjacent to the overlying Chang 7 mudrocks are more favorable for the late-stage carbonate cementation. These carbonate cement types will fill porosity where framework grains were previously dissolved. (1) 
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